The degree of barotolerance exhibited by Pseudomonas Protein synthesis in Escherichia coli has been shown to be extremely sensitive to application of high hydrostatic pressures (1-3, 6-8, 14, 15). The primary inhibitory effect of high pressure on the translation process has been postulated to involve the ribosome directly, by possibly inhibiting the binding of amino acyl transfer ribonucleic acid (RNA) to the ribosome-messenger RNA complex or by interfering with translocation. It has been recently reported that protein synthesis in Pseudomonas fluorescens, whether in whole-cell or cellextract preparations, displays a marked barotolerance, i.e., a resistance to the inhibitory effects of high pressure (16). The availability of both a barosensitive E. coli system and a barotolerant P. fluorescens system thus allowed for a series of experiments involving interchanges of ribosomes and supernatant factors in polyuridylate [poly(U)]-directed, polyphenylalaninesynthesizing preparations. Such experiments showed clearly that barotolerance in P. fluorescens was associated with the ribosomes rather than the soluble components of the system (13). Additional manipulation of the 50S and 30S ribosomal subunits in interchange experiments revealed that resistance to inhibition by pressure was associated with the 30S ribosomal subunit of P. fluorescens (18).
The degree of barotolerance exhibited by Pseudomonas fluorescens and Pseudomonas bathycetes in vitro polyphenylalanine-synthesizing systems can be modified by altering the concentrations of specific ions in the reaction mixture. Hybrid-protein-synthesizing systems, utilizing all the possible S-100 supernatant fluid and ribosome combinations from Escherichia coli, P. fluorescens, and P. bathycetes, were tested for barotolerance under conditions of low (16 mM Mg2+ plus 0 mM Na+) and high (150 mM Na+ plus 60 mM Mg2+) ion concentrations. The results reveal that barotolerant synthesis is a characteristic determined by the origin of the ribosome. Systems utilizing E. coli ribosomes are barosensitive at both low and high ion concentrations, P. fluorescens ribosomes barotolerant under both conditions, and P. bathycetes ribosomes barosensitive at low and barotolerant at high ion concentrations. Therefore certain concentrations of specific ions will increase barotolerance, but only if the ribosomes are capable of functioning at high pressures.
Protein synthesis in Escherichia coli has been shown to be extremely sensitive to application of high hydrostatic pressures (1-3, 6-8, 14, 15) . The primary inhibitory effect of high pressure on the translation process has been postulated to involve the ribosome directly, by possibly inhibiting the binding of amino acyl transfer ribonucleic acid (RNA) to the ribosome-messenger RNA complex or by interfering with translocation. It has been recently reported that protein synthesis in Pseudomonas fluorescens, whether in whole-cell or cellextract preparations, displays a marked barotolerance, i.e., a resistance to the inhibitory effects of high pressure (16) . The availability of both a barosensitive E. coli system and a barotolerant P. fluorescens system thus allowed for a series of experiments involving interchanges of ribosomes and supernatant factors in polyuridylate [poly(U)]-directed, polyphenylalaninesynthesizing preparations. Such experiments showed clearly that barotolerance in P. fluorescens was associated with the ribosomes rather than the soluble components of the system (13) . Additional manipulation of the 50S and 30S ribosomal subunits in interchange experiments revealed that resistance to inhibition by pressure was associated with the 30S ribosomal subunit of P. fluorescens (18) .
Our initial concept was to compare the effects of pressure on protein synthesis in E. coli and in Pseudomonas bathycetes, a deep-sea isolate from the Marianas Trench where the pressure exceeds 1,000 atm. P. fluorescens was selected as a terrestrial pseudomonad for limited generic comparison with P. bathycetes. P. bathycetes grows at higher pressures (16) and protein synthesis was found to be relatively resistant (when compared with E. coli) to high pressure in whole-cell preparations (16) . Surprisingly, this barotolerant characteristic was lost in cellextract preparations. That is, poly(U)-directed synthesizing systems of P. bathycetes showed the same sensitivity to pressure as that shown by E. coli preparations. Three possible reasons for this loss of barotolerance were readily apparent. (i) Barotolerance in P. bathycetes, unlike P. fluorescens, could be associated with structural or functional characteristics of the intact cell wall or cell membrane. (ii) The utilization of synthetic messenger [poly(U)] without the normal initiation and termination processes could modify the pressure response in this particular organism. (iii) P. bathycetes, a marine bacterium, requires high-salt conditions for normal growth. However, the most active and reliable cell extract preparations of P. bathycetes were achieved with extraction procedures utilizing the low salt concentrations generally used for E. coli extractions (11) . Therefore it was considered possible that protein synthesis by components of P. bathycetes cells might be unusually barosensitive in a low salt environment. In this connection it is interesting to note the report of Palmer and Albright (12) Growth conditions. Maintenance and growth conditions for each organism were essentially those which have been described in a previous publication (13) .
Pressure apparatus. The apparatus and techniques used to measure protein synthesis at increased pressure have been described previously (13) .
Cell-extract preparation. E. coli and P. fluorescens extracts were prepared by a modification of Modolell's method (11) which has been described in a previous report (13) . P. bathycetes extracts were prepared identically with a slight modification for the experiments involving endogenous mRNA. In these experiments the preparation involved lysis of the cells in a French press at 6,500 lb/in2, the lysate was dialyzed against a 1,000-volume change of standard buffer and centrifuged at 30,000 x g for 35 min, and the resulting supernatant fluid (S-30) was utilized.
Assay for synthesis by cell extracts. The synthesis of polyphenylalanine was tested by methods described in a previous publication (13) . The volume of the reaction mixture for testing was 3 ml and contained: 50 mM tris(hydroxymethyl)aminomethane The final concentration of various salts added to the reaction mixture ranged from 0 to 300 mM NaCl, 0 to 300 mM KCI, 0 to 70 mM MgCl2 or MgSO4, and 0 to 150 mM CaCl2, depending on the particular experiment. To initiate the reaction, preincubated S-100 plus ribosome preparation was added to the above mixture. The final concentration of ribosomes was in all cases 1 mg/ml as calculated from prior spectrophotometric analysis. Experiments not shown indicated that the rate of synthesis was a linear function of ribosome concentration to at least 1.6 mg of ribosomes per ml. MS2 viral RNA-directed synthesizing systems were tested essentially in the same manner as the poly(U) system with 0.6 mg of MS2 substituted for the poly(U) 0.4 mg of '4C-labeled mixed amino acids (5 jLCi) substituted for [14C]phenylalanine, and the magnesium acetate concentration reduced to 8 mM.
Systems utilizing endogenous message were tested identically to the MS2 system, no exogenous mRNA was added and the S-30 fractions were not preincubated before use.
Chemicals 1, 2, 4 , and 6 min. Similar experiments were performed on systems directed with poly(U) and endogenous message. Figure 2 is a comparison of the data obtained with these three systems tested at 1 atm and at increased pressures. Some increase in barotolerance was seen at the higher pressures when endogenous messenger was used, but protein synthesis was still quite barosensitive relative to that of the whole cell. The methods used in the preparation of the endogenous messenger system, however, did not involve the rigorous separation and washing techniques used in the synthetic and natural messenger systems. It was possible that a low, but sufficient, concentration of specific bound ions was retained in the S-30 supernatant fluid. The stimulation seen at lower pressures at 25 C has been noted previously (13) and is still unexplained. These results would seem to eliminate the possibility that the loss of barotolerance in cell-extract preparations ofP. bathycetes can be ascribed to the type of messenger utilized in the system.
Effect of specific ion concentrations on polyphenylalanine synthesis and barotolerance. The effect of specific concentrations of various ions on the rate of polyphenylalanine synthesis in poly(U)-directed preparations at 25 C and 1 atm is shown in Fig. 3 . The rates of synthesis are expressed relative to the rate of synthesis in control systems tested at a concentration of 16 mM Mg2+ and essentially 0 mM Na+, K+, and Ca2+. All rates were determined over a 6-min period with samples taken at 1, 3, 4, 5, and 6 min. The absolute rates in the control were identical to those previously reported by Pope et al. (13) Figure 4 represents the response of polyphenylalanine synthesis to pressure at 25 C as a result of increased ion concentrations in cellextract preparations derived from E. coli, P.
bathycetes, and P. fluorescens. Again, the data are expressed relative to the rate of synthesis at 1 atm and 25 C with the absolute rates identical to those previously reported (13) . The pattern of pressure inhibition for E. coli preparations was identical at all the ion concentrations utilized. The range of such concentrations was, of course, limited to the concentrations of each ion that allowed synthesis at 1 atm to occur.
Increased ion concentrations, however, have a markedly different effect on the pressure response of the pseudomonad preparations. P. fluorescens preparations showed a stepwise increase in resistance to pressure inhibition with increasing concentrations of Mg2+. Addition of either Na+ or K+ to the basic reaction mixture also resulted in increased barotolerance. Ca2+ addition resulted in no modifying effects from 0 to 100 mM. The addition of both Na+ and Mg2+ to the reaction mixture resulted in greater barotolerance than the addition of either salt individually. The maximal degree of barotolerance was obtained when a combination of 60 mM Mg2+ and 150 mM Na+ was used. The addition of either K+ and Mg2+ or K+ and Na+ to the basic reaction mixture resulted in no significant increase in barotolerance over that displayed by Mg2+ or Na+ addition alone.
P. bathycetes preparations, like those of P. fluorescens, underwent a stepwise increase in barotolerance upon addition of increasing concentrations of Na+, Mg2+, or K+. Again, elevated Ca2+ concentrations had no modifying effect. The addition of both Na+ and Mg2+ increased barotolerance to a level higher than that seen with the addition of either ion alone. Maximal barotolerance was found at 60 mM Mg2+ and 150 mM Na+. Since P. bathycetes preparations were extremely sensitive to pressure at the low ion concentrations of the original reaction mixture the increase in barotolerance seen at the higher ion concentrations was much more pronounced than that seen in P.
fluorescens. As with P. fluorescens, the addition of either K+ and Mg2+ or K+ and Na2+ did not significantly increase the barotolerance over that found when Mg2+ or Na+ were added individually.
Results identical to those shown for poly(U)-directed synthesis were obtained in each case for E. coli, P. bathycetes, and P. fluorescens protein-synthesizing preparations directed by MS2 viral RNA.
Further delineation of the site of ion effects and barotolerance. A series of experiments involving the interchange of the ribosomes and supernatant factors of the three bacteria in poly (U)-directed synthesizing systems was performed. Table 1 summarizes the results obtained using high (60 mM Mg2+ and 150 mM Na+) and low (16 mM Mg+ and 0 mM Na+) ion concentrations in homologous and hybrid systems at 1 atm and 680 atm and 25 C. The data are normalized for comparison. The rates of synthesis at high ion concentration are expressed relative to the rates at low ion (control) concentration and 1 atm. In each instance the ribosomes and the S-100 supernatant fluid were utilized individually in test systems to determine the completeness of separation. Only negligible rates of [14C]phenylalanine incorporation were observed in these test preparations. Although not included in this table, data were obtained that showed this relationship to exist over the entire range of pressures tested (1 to 1,000 atm).
Systems containing E. coli ribosomes were barosensitive at both low and high ion concentrations. P. fluorescens ribosome systems were barotolerant at the low ion concentration and showed increased barotolerance at the high concentration. Those systems containing P. bathycetes ribosomes underwent the greatest change, being barosensitive at low ion concentration and extremely barotolerant at the higher concentration. These data confirm the previous observation of Pope et al. (13) that the response of protein synthesis to pressure is governed by the ribosome and further indicate that such ribosomal capability may be modified by the concentration of specific ions.
The data in 4 . Effect of hydrostatic pressure on the rate ofphenylalanine incorporation into polyphenylalanine by poly U-directed cell-extract preparations of(A) P. bathycetes, (B) P. fluorescens, and (C) E. coli at various ion concentrations (X) 16 mM Mg2+, 0 mM K+, 0 mM Na+, (A) 16 mM Mg2+, 0 mM Na+, 50 mM K+, (0) 60 mM Mg2+, (0) 16 mM Mg2+, 150 mM Na+, (0) 60 mM Mg2+, 150 mM Na+. inhibition of E. coli systems at high Mg2+ and Na+ concentrations is due mainly to an effect exerted by these ion concentrations on the S-100 fraction of this system and not on the ribosome. Any system utilizing an E. coli S-100 fraction did not synthesize polyphenylalanine at the high ion concentration. Conversely, when E. coli ribosomes were used with the S-100 fractions of either pseudomonad, synthesis occurred at appreciable rates under conditions of high ion concentration. However, E. coli ribosomes still failed to display barotolerance under any of the conditions used. DISCUSSION The question posed initially concerning barotolerant protein synthesis in P. bathycetes would now seem to be fairly well resolved. Since barotolerant synthesis can be achieved in cell-extract preparations as well as whole cells, the maintenance of the structural integrity of the cell membrane or cell wall cannot be an essential feature of such synthesis. Also, the type of messenger (natural, endogenous, synthetic) utilized to direct synthesis has no major influence on the response of the synthesizing preparation to pressure. Rather, the characteristic of barotolerant protein synthesis in P. bathycetes would seem to reside within the functional properties of the ribosome, as had been shown previously for P. fluorescens (13, 18) with the additional requirement that specific ions be present in the proper concentrations.
The further delineation of the site of the barotolerant effect in P. bathycetes will be reported at a later time. The interchange of different ions and their different effects on both overall synthetic capability and barotolerant capability is indicative of specific ion effects rather than overall ionic strength. Mg2+ and Na+ play the most important roles with K+ having a somewhat lesser effect.
The fact that increased ion concentrations effectively inhibit synthesis in E. coli preparations by interfering with the normal functions of the supernatant factor(s) hits been reported by others (9) . The data presented here demonstrate that E. coli ribosomes, however, can effectively participate in synthesis at high ion concentrations when supernatant factors that are compatible with such concentrations are supplied. The E. coli ribosome, per se, is therefore functional at a wide range of ion concentrations but barosensitive in all cases. This observation is extremely interesting since several authors (4, 17, 19) have reported that in E. coli systems increased Na+ levels promote ribosome dissociation, whereas Mg2+ stabilizes the ribosome complex. Therefore, although the individual ions are extremely inhibitory to protein synthesis at relatively low concentrations their mutually antagonistic effects allow for lesser inhibition in combination.
Even though it remains possible that the ion effect that results in barotolerance may be on some factor in the supernatant fraction or fluid which then allows for the full expression of the ribosomal barotolerant trait, the data tend to indicate this is not the case. The exact agreement of the percentage of inhibition in the ribosome-supernatant fluid exchange experiments at low-and high-ion concentrations makes it most likely that the ion effect is on the ribosome.
All pressure data obtained thus far indicate that normal protein synthesis is accompanied by an increase in the activation volume of some component of the system. This component has been postulated -to be the ribosome, or more specifically, the ribosome-transfer RNA complex (14) . Recently, Low and Somero (10) have indicated that such changes in volume may derive from two sources: (i) "hydration density" effects due to exposure of particular protein groups to the water medium, and (ii) structural contributions arising from changes in the volume of the protein itself. Their work also clearly designates the role of salt concentration on either the enhancement or inhibition of such volume changes.
The three organisms we have selected afford us with both the necessary variability and compatibility to design experiments that can further probe the nature of ribosomal regulation of protein synthesis.
